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Abstract
The overall objective of this dissertation is to analyze the potentiality of reversible solid oxide cells
in electric energy storage systems. A critical feature of the ReSOC system that enables high roundtrip
efficiency is the thermal management strategy. In fact to have a high roundtrip efficiency, the cell requires
high temperature thermal energy while performing electrolysis, and produces excess thermal energy while
generating electric power.
In the first part of this paper are displayed and analyzed some systems proposed in literature, under-
lining possible advantages and critical aspects considering the state of the art of ReSOCs.
In the second part a new thermal energy storage method and two plant configurations are proposed.
The thermal storage analyzed in this dissertation consists in storing thermal energy produced by the
stack during electrical power generation under sensible heat in a high dense and high specific heat ceramic
material, to use it during electrolysis operation. A dynamic lumped parameters model of the stack and
of the two proposed plant configurations are developed and benchmarked using a Simulink simulation.
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Chapter 1
Introduction
1.1 Motivation
Renewable Energy is seen nowadays as a possibility of reducing the CO2 emitted by energy generation and
as path to a better and less polluted environment. One, and probably the most important, handicap of
most of these generation technologies is the non-manageability of their generation. Especially in smaller
electric grids with a high percentage of generation obtained for the so-called non-manageable generation
technologies the general behavior of the grid is being disturbed. As the non-manageable renewable
installed power is low in a certain region, the perturbations due the variability of energy produced and its
fluctuations are not problematic when matching the energy production and consumption, but when the
energy generated by non-manageable increase this disequilibrium is not negligible anymore. Therefore
efforts are today put into finding solutions that would allow better manageability of the generation from
PV systems. If successful, that would reduce the stress on the grid, and make it easier to introduce a
large proportion of renewable energies [10, 12–17]. Figure1.1 demonstrates the variability of wind-based
power generation and the capability of electricity storage to control power output to the grid. In this
example, and arbitrary energy storage system is charged during times of excess generation and discharged
when demand for electricity is high. This introductory chapter explains why ReSOCs are considered a
good technology to operate as energy storage devices.
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Figure 1.1: Variability of a renewable wind resource and the capability of energy storage to stabilize the
power output [19]
1.2 Introduction to energy storage facilities
Energy storage facilities are generally categorized as either energy management applications, which have
a high energy-to-power capacity ratio, or power management applications, which have a low energy-to-
power capacity ratio. Energy management applications require long-duration, high efficiency, and low cost
energy storage. Alternatively, power management applications require fast dynamics and high reliability.
Various energy storage technologies are represented in Figure 1.2 (insert figure for various energy storage
technologies power-energy) and categorized based on their respective power or energy management capa-
bilities. Technologies that are currently advancing toward meeting the technical requirements for energy
management applications include compressed air energy storage (CAES), pumped hydro storage (PHS),
conventional batteries (e.g., lead-acid, nickel-cadmium), advanced batteries (e.g., lithium ion, sodium
beta alumina, redox flow batteries), and energy management flywheels. However, these technologies face
unique development challenges such that the requirements for highly efficient, durable, and cost-effective
EES have not yet been met [16–18].
A ReSOC energy storage system is well suited for energy management applications because such a
9
Figure 1.2: Different energy storage technologies and their respective power and energy capacities [21]
system can operate over a wide range of energy-to-power ratios by sizing the energy and power ratings
independently and is expected to have high energy storage efficiency and energy capacity suitable for
storage duration on the order of hours to days. Moreover a ReSOC is theoretically able to be both an
energy management application and a power management application due to the fast electrochemical
dynamics. Realizing the potential of ReSOCs for electrical energy storage requires research and develop-
ment at both the cell and system levels. This dissertation will present in the first part a literature review
on possible system architectures, and in the second part a new one will be proposed and benchmarked
using a Simulink model of the system.
1.3 Solid oxide cells: continued progress and present state of
technology
The market opportunity for novel energy storage solutions, such as using reversible solid oxide cells,
exists because present technologies have not been able to meet the requirements for grid-energy storage
applications; however, fuel cell technologies have historically been slow to gain market share for commer-
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cial application. A fuel cell is a solid-state electrochemical conversion devices that produces electrical
power directly from the chemical energy stored in fuel species (e.g., hydrogen, syngas, natural gas, fuel
reformate, carbon, gasified coal). The principal benefit of fuel cells over conventional combustion based
power generation is basically the significantly higher thermal efficiencies. This is due to the fact that
fuel cells efficiency is not limited by the Carnot theorem, so that for high temperature cells, voltage
efficiencies of 70% are achievable. Other important advantages are lower pollutant emissions (there is
no combustion and formation of NOx), fuel flexibility, and scalability. These advantages have ultimately
not been realized because of problems in durability over extended operating periods, high production
costs, and costly balance of plant required for fuel processing and thermal management. These problems
are not insurmountable and fuel cells are continually advancing with low temperature proton exchange
membrane (PEM) fuel cells [23,24] and high temperature solid oxide fuel cells [26,27] receiving the most
academic and commercial focus.
An electrolysis cell performs the opposite function of a fuel cell by electrochemically producing fuel
from an oxidized feedstock (e.g., H2O, CO2) and electricity [30]. Electrolysis cells are physically and
operationally similar to fuel cells, although they are operated with opposite electrode polarity. Efficiently
producing hydrogen from renewable sources is an important step toward decarbonizing the world energy
system and electrolysis technologies such as electrolysis cells will contribute to this effort. Because of
their potential as an integral part of the future energy system, solid oxide [31, 32], alkaline [34, 35], and
PEM electrolysis cells [36, 37] are currently being pursued. Alkaline and PEM electrolysis are presently
commercial technologies [38, 39], although hydrogen production by this method is costly compared with
steam reforming of natural gas which accounts for 95% of worldwide hydrogen production [40]. Many
of the commercialization challenges experienced by SOFCs are also barriers to commercialization of
SOECs, however the electrolysis cells are less mature and face additional durability challenges including
delamination at the anode-electrolyte interface [41, 42]. High temperature electrolysis is considered a
promising alternative to the more mature low-temperature processes, particularly because of the much
higher efficiency and the possibility to supply a portion of the energy requirement from high grade thermal
energy [25].
In the first planar SOFC developed, PEN was composed by a 150-200µm thick electrolyte of 8 mol%
Yttrium oxide stabilized Zirconium dioxide (8YSZ), two 50 µm thick fuel electrodes of a mixture on
Nickel and 8YSZ for the anode and of Strontium doped Lanthanum Manganese oxide (LSM) for cathode.
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This generation of cell worked at the temperature of 950oC because of the high temperature dependence
of the electrolyte ionic conductivity and its relative high thickness. To lower the operating temperature
without changing materials, the electrolyte thickness must be reduced.
Anode supported SOFCs have been developed to decrease electrolyte thickness. The temperature
variation influences the catalytic activity of the electrodes, so various PEN structures and materials have
been proposed for anode supported cells. The latest PEN structure developed by Forschungszentrum
Julich is reported in figure, where are listed thickness and composition of every layer [1].
Lowering the operating temperature not only means changing the materials for the cell, but also for the
interconnect materials. For cell temperature higher than 800oC, is used a ceramic electronic conducting
metal oxides, e.g. LaCrO3, for temperature close or lower than 800
oC the most used interconnect is
ferritic steel with high chromium content (16-26%) [1]. Now research it is focusing on new electrolyte
materials to operate in a temperature range of 500−650oC. Such intermediate-temperature ionic conduc-
tors were reviewed by Goodenough [50] including stabilized zirconia, doped ceria, stabilized delta-Bi2O3,
pyrochlores, and doped lanthanum gallate. Alternative manufacturing methods such as intermediate
temperature catalyst impregnation help reduce performance losses associated with reaction kinetics [51].
12
Figure 1.3: Schematic of a ReSOC cell.
1.4 Introduction to ReSOC
A reversible solid oxide cell is physically similar to solid oxide fuel cells but can operate in both current
directions. High temperatures (500−1000oC) are required for efficient ReSOC operation to allow mobility
of oxygen ions in the solid electrolyte. Depending on the cell polarity, the ReSOC can operate either
as a fuel cell (SOFC mode) to electrochemically oxidize fuel species and generate electricity, or as an
electrolysis cell (SOEC mode) to electrochemically reduce reactant species while consuming electrical
energy. The two modes of operation are depicted in Figure 1.3. The PEN (positive/electrolyte/ negative),
is a laminated ceramic and metal structure composed of a porous fuel electrode (anode in SOFC mode,
cathode in SOEC mode), a thin solid electrolyte, and a porous oxygen electrode (cathode in SOFC mode,
anode in SOEC mode).
During operation, reactant species flow through the fuel channel adjacent to the fuel electrode. In
SOFC mode, these reactant species can include hydrogen, syngas (i.e., H2 + CO), natural gas (reformed
or not), or reformate from other gaseous, liquid, or solid fuels. In SOEC mode the reactant species are
H2O and/or CO2. If steam is the lone reactant, the process is typically referred to as electrolysis, while
co-electrolysis refers to simultaneous reduction of H2O and CO2 to produce syngas. The oxygen elec-
trode requires an oxygen supply during SOFC mode operation to act as a reactant in the electrochemical
conversion. The oxygen is typically supplied as either air or oxygen. In SOEC operation, oxygen is
produced at the air electrode and an efficiency improvement is achieved blowing air, or a different sweep
gas, through the channel to improve transport of the produced oxygen away from the reaction site. A
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single ReSOC typically operates between 0.5 and 2.0 V and cell stacking is required to achieve useful volt-
age output from the device. Cell stacking introduces the need for electronically conductive interconnect
materials and sealing to prevent gas-crossover or leaking from the stack. For high temperature devices,
cell stacking is further complicated because of the potentially varying thermal expansion behavior of the
various materials used to construct the ReSOC stack. Because of the structural integrity of ReSOCs,
several geometric cell configurations are possible including planar, tubular, and segmented-in-series [52].
Planar ReSOCs have a higher power density, while tubular and segmented in series configurations can
simplify challenges associated with sealing.
The electrochemical oxidation reactions occurring during SOFC operation are exothermic such that
excess cooling airflow is typically provided to the stack to remove excess heat. Internal reforming reac-
tions can also act as a thermal energy sink. Alternatively, the reduction reactions in SOEC mode are
endothermic and maintaining the cell operating temperature requires additional heat, typically either
from an external source or by operating the cell less efficiently such that waste-heat generation overcomes
the thermal energy deficit. The difference in thermal behavior in each operating mode presents a signif-
icant challenge in system design of an integrated ReSOC system. Another important challenge to face
is the cell performance degradation. In fact the cell has to work in both oxidizing and reducing environ-
ments, and it is important to develop electrode materials which are stable in both this condition [45–47].
Nguyen et al. evaluated a Julich 4-cells stack for more than 8000 hours in both SOFC and SOEC mode,
showing little degradation [68]. They tested the stack for nearly 4000 h under fuel cell mode with 20%
humidifiedH2, at 750
oC under 0.5Acm2 and a fuel utilization of 40%.The average voltage degradation
rate is about 0.6%/1000 h. After 4000 h fuel cell operation, the stack was cooled down and moved to
another test bench for electrolysis operation. The stack was operated under steam electrolysis mode at
800 C with 0.3Acm2 and FU = 15% for the next 2000 h, founding out no voltage degradation at all.
In an effort to improve system efficiency, several thermal management strategies have been proposed.
These strategies will be examined in a detailed way in the following chapters.
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Chapter 2
Theoretical background
This chapter provides background information to support the novel contributions to reversible solid oxide
cell system development. First the working principles and theory of operation of ReSOCs are detailed.
The current-voltage characteristic is highlighted to explore the effect of different operating conditions on
cell performance.
2.1 Working principles
A single reversible solid oxide cell consists of two electrodes, namely the air and the fuel electrode, where
the oxygen reduction and the fuel oxidation respectively occur, separated by a dense anionconducting
electrolyte, which is dedicated to the transport of oxygen ions from one electrode to the other. Porous
composite air electrode, which consists of sintered random structures of electronconducting (e.g., stron-
tiumdoped lanthanum manganite, LSM) and ionconducting particles (e.g., yttriastabilized zirconia, YSZ),
is often used in order to promote the oxygen reduction [5]. In SOFC mode, in the composite cathode
the molecular oxygen in gas phase reacts with electrons, transported by the electronconducting phase, to
form oxygen ions, which are transported by the ionconducting particles towards the electrolyte. Oxygen
ions then diffuse trough the electrolyte and trough the anode, where they react with hydrogen molecules
to form water and two more electrons, which are collected by the electron-conducting phase and delivered
to the cathode. Therefore both the reactions occurs in the proximity of the contact perimeter between
electron conducting, ionconducting and gas phase, where the reaction participants can coexist, which is
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called threephase boundary (TPB) [3, 6].
In SOEC mode, water steam reacts with electrons to form hydrogen molecules and oxygen ions, that
are diffuse trough ion-conducting phase towards the electrolyte. In the anode oxygen ions lose turn into
oxygen molecules losing e electrons. Also in SOEC mode both reactions take place in the TPB of each
electrode.
The rate at which the current is converted within the electrodes, from the electronic form to the ionic
form, depends not only on the catalytic activity of the materials and the extension of the reaction zone,
but also on the relative facility at which charges and chemical species are transported to and from the
reaction sites [8, 9]. The effective transport properties of the composite structure, as well as the density
of reacting sites, depend on the microstructural characteristics of the electrodes, such as the particle
diameter, the porosity and the composition [7]. Thus, the interplay of material, catalytic, geometric and
microstructural characteristics determines the electrode efficiency [6, 11], which is inversely proportional
to its polarization resistance.
2.2 Characterization and performance indexes
The performance of the cell is described by the polarization curve that indicates the voltage for each
value of current at which the cell operates. Often, instead of total current, current density is chosen to
represent these curves. It is a typical parameter employed in the description of fuel cells, and it is defined
as:
J =
I
S
Where J is the current density, measured in [A/cm2] or more often in mA/cm2, S is the active area of
the cell measured in cm2 and I in A is the operating current of the cell. A typical polarization curve of
a SOFC-SOEC is shown in Figure 2.1
Each polarization curve has a characteristic ASR (area specific resistance); one of the several definition
of ASR is the following [22]:
ASR = |V0 − V
J
|
Where V is the operating potential, V0 is the potential at OCV and j is the current density corresponding
to the operating potential. ASR is to all effects a resistance of the cell to the electrolysis process and it
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Figure 2.1: Typical SOFC-SOEC polarization curve. In this picture are also shown electrical and thermal
power involved in fuel cell and electrolysis mode operation
is measured in Ωcm2.
2.3 Thermodynamic analysis and polarization curve
Before evaluating the performance of an ReSOC plant, it is necessary to calculate the theoretical energy
produced or demanded for respectively SOFC and SOEC mode. In SOFC mode the theoretical work
produced by a mole of fuel is the Gibbs free energy variation associated to the chemical reaction and is
calculated as follows
∆G = ∆H − T∆S (2.1)
Where ∆H is the enthalpy variation calculated at the reaction temperature and T∆S is the thermal
energy produced in the reaction. This means that even in reversible condition is not possible to transform
all the energy of the fuel in work.
The total energy demand for electrolysis (∆H) can be calculated using the same equation seen before
as
∆H = ∆G+ T∆S (2.2)
Increasing the temperature of the process, as you can notice from figure 2.2, the thermal energy
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Figure 2.2: Energy required by electrolysis process as a function of temperature (data obtained from
JANAF Database). Black vertical line is boundary line between liquid and gaseous water
produced in the oxidation process and required for the electrolysis process increase, while the total
energy ∆H remains almost constant. As an example, at the typical working temperature of 800oC the
thermal energy fraction is around 30%.
2.3.1 Current voltage relations
The relationship between current and voltage in a ReSOC is a determining characteristic of the cell
efficiency. The open circuit voltage (OCV) is estimated by the reversible potential, calculated as:
E =
∆G
nF
where n is the number of electrons transferred in the chemical reaction and F is the Faraday constant
(charge of a mole of electrons). The OCV potential is the maximum potential achievable in SOFC mode.
Expanding the ∆G term follows for hydrogen steam redox
EOCV = E0 +
RT
2F
log
(pH2p0.5O2
pH2O
)
+
RT
4F
log
( p
p0
)
(2.3)
The real voltage of the cell is calculated from the OCV potential subtracting (SOFC mode) or adding
(SOEC mode) the relative overpotential.
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The so called thermo-neutral voltage is defined as
Etn =
∆H
nF
(2.4)
and is the potential needed to start electrolysis in adiabatic condition. The thermal energy required for
the electrolysis in this case is generated by the Joule effect.
The electric power involved in the ReSOC operation can be determined as follows 2.1 [25]
Pelectric = JV S
Activation overpotential is due to the finite kinetic rate of the chemical reaction at the electrodes
and is modeled using the Butler-Volmer equation. It describes how the electrical current on an electrode
depends on the electrode potential, considering that both a cathodic and an anodic reaction occur on
the same electrode. This model is valid when the electrode reaction is controlled by electrical charge
transfer at the electrode (and not by the mass transfer to or from the electrode surface from or to the
bulk electrolyte). This losses strongly depend on temperature.
Concentration overpotential derives from the transport of chemical species in the porous electrodes.
In SOFC mode for example hydrogen is consumed at the anode while water is produced, so the concen-
tration of species and products inside the porous electrode will not be the same of the bulk ones. This
overpotential can be modeled using both dusty gas model or Ficks law (when there are only two species
involved).
Ohmic overpotential is due to the electronic resistivity of electrodes and metal interconnections and
the ionic resistivity of electrolyte. Electrolyte ionic conductivity strongly depends on temperature.
V = V0 + γ(ηact,a + ηact,c + ηcon,a + ηcon,c + ηohm) (2.5)
Where γ is −1 for SOFC mode and +1 for SOEC mode.
2.3.2 Thermal management
As shown before, ReSOC stack, when working in SOFC mode, even in ideal conditions, cannot transform
all the energy of the fuel in work, and a part of it becomes thermal energy (the T∆S term). Another
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heat source is represented by the irreversibilities. The heat produced by thermodynamic losses can be
calculated as shown in picture 2.1
Q = J(Etn − Eocv)S
The heat produced by irreversibilities is calculated as
Qirr = J(Eocv − Ecell)S
In SOEC mode an ideal cell requires heat to perform electrolysis. Part of this thermal energy is produced
by the irreversibilities. If the cell operates under the thermo-neutral voltage, the heat generated by the
irreversibilities is not enough, and the cell will need more thermal energy. If the cell voltage is higher
than the thermo-neutral voltage, the cell will produce heat.
For a stand-alone energy storage system it is important that the stack is operated to be net exothermic
so that reactant preheating can be satisfied by stack tail-gases that have increased in temperature as they
flow through the stack. Thus, a particular challenge is the endothermic electrolysis reactions which must
be overcome with a heat supply. Operating at overpotential high enough to achieve a net exothermic
process is prohibitively inefficient for most energy storage applications. Various strategies have been
proposed to try to accumulate part of the heat produce in SOFC mode to use it in SOEC mode to
enhance the roundtrip efficiency of the system that will be discussed in the next chapter.
2.3.3 Roundtrip efficiency
The most important parameter that has to be evaluated when discussing about EES systems is the
roundtrip efficiency. This parameter indicates the fraction of electricity which can be recovered of the
electricity used to charge and discharge the device including all parasitic power loads from components,
such as compressors, power produced from turbines, and energy entering the system in the form of fuel
or process streams [2] .
ηrt =
Eel,out −Waux,SOFC
Eel,in +Waux,SOEC
(2.6)
where Eel,out is the output energy, Waux,SOFC and Waux,SOEC are the auxiliary system energy con-
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sumption during respectively SOFC and SOEC mode. When considering only the stack, the roundtrip
efficiency can be expressed as follows
ηrt,stack =
VSOFC,cell
VSOEC,cell
(2.7)
Two things have to be clarified about system and stack roundtrip efficiency: the given definitions do not
take into account system thermal energy variation. For this reason to apply the formula shown before,
system final temperature has to be equal to system initial temperature. The definition of stack roundtrip
efficiency can be higher than one, because does not take into account the thermal energy that has to
provided to perform electrolysis. This means that if reactant reaction change from SOFC to SOEC mode,
and the thermal energy required by the cell is higher than the thermal energy produced during SOFC
mode, the overall efficiency will be lower than one, but the electric stack roundtrip efficiency will be
higher than unity.
The roundtrip stack efficiency is useful for understanding system performance by quantifying the
efficiency impact of the ReSOC stack and the other components independently. Operating at the high
overpotential required to generate net heat in a steam-hydrogen electrolyzer is prohibitively inefficient for
an energy storage application. More specifically, the overpotential require to reach the thermo-neutral
voltage is approximately 240 mV for steam electrolysis at 800oC and 1 atm. Supposing that in SOFC
mode there is the same OCV and the same overpotental (in this case cell potential will be lower than
OCV), the roundtrip stack efficiency is limited to 63% 2.3, [2]. This simple consideration underlines the
importance of a thermal management strategy.
2.3.4 Utilization factor
The utilization factor (i.e., fuel utilization or reactant utilization) quantifies the fraction of reactant
delivered to the stack which is electrochemically converted.
In the case of SOFC mode fueled by pure hydrogen (or a mixture of hydrogen and water), the
utilization factor is defined as the ratio of the molar rate of hydrogen consumption to the molar flow of
hydrogen supplied to the fuel channel, so according to Faraday’s law
UF =
˙NH2,consumed
˙NH2,inlet
=
JSNcell
2F
˙NH2,inlet
(2.8)
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Figure 2.3: Cell and ceramic material temperature variation
In case syngas is oxidized in the fuel cell, utilization factor can be defined as the the ratio of the molar
rate of electrochemical hydrogen consumption to the equivalent molar flow of hydrogen supplied to the
fuel channel [2]
UF =
˙NH2,consumed
( ˙NH2 +
˙NCO + 4 ˙NCH4)SOFC,inlet
=
JS
2F
( ˙NH2 +
˙NCO + 4 ˙NCH4)SOFC,inlet
(2.9)
The same definition can be given for reactant utilization in electrolysis mode. In case of pure electrol-
ysis (only water steam involved) the utilization factor is defined as the ratio of the molar rate of steam
consumption to the molar flow of steam supplied to the fuel channel
UF =
˙NH2O,consumed
˙NH2O,inlet
(2.10)
In case of co-electrolysis, operation can be defined as the ratio of oxygen generated at the oxygen
electrode to the total oxygen available in the reactant species entering the fuel channel [2]:
UF =
2 ˙NO2,produced
( ˙NH2O + 2
˙NCO2 +
˙NCO)SOEC,inlet
(2.11)
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This definition suggests that complete electrochemical reduction of the reactant species (i.e., UF = 1)
includes reducing CO. In practice, the presence of heterogeneous side-reactions at the fuel electrode offers
other chemical formation pathways, such as CH4 formation via methanation, making this definition
especially useful for lower temperature, pressurized systems.
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Chapter 3
Literature review on ReSOC based
EES
In this chapter are reviewed some of the ReSOC EES systems proposed in literature paying particular
attention to their thermal management strategies. The thermal storage using the C-H-O chemistry is
analyzed in a detailed way because of its potentialities.
3.1 Literature review
Developing energy storage systems with ReSOC technology requires research attention toward both cell
development and system design and integration. This literature review summarizes past work in both
of these areas that has informed the following system design and analysis. First, a brief review of fuel
cell energy storage is given. The general idea of using ReSOCs for energy storage has been suggested
in published literature as early as 1987 [48]. D.J. Bents of NASA published a system study analyzing a
regenerative solid oxide cell system intended to maintain constant power supply during space missions
where the primary energy source is a photovoltaic array.
Integrated energy storage systems using reversible solid oxide cells have been studied by academic and
industry research groups. Most of the prior work is limited to computational modeling studies except for
one laboratory scale prototype system. These studies encompass focus above all on thermal management
strategies.
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One significant variation among the prior system studies is the composition of the generated fuel
(e.g., hydrogen, syngas, hydrocarbons), and the storage medium (e.g., tanks, metal hydrides). Bents [48]
proposed a solid oxide regenerative fuel cell intended to provide back-up power supply in tandem with
a photovoltaic array for space applications. The system converts pure hydrogen and oxygen to water to
generate electricity in the fuel cell and produces hydrogen and oxygen from water in the reverse mode
of operation. The thermal load required to evaporate water and overcome the endothermic electrolysis
reaction is provided from waste heat generated by operating the electrolyzer at a high voltage (i.e., lower
efficiency). The study notes that overpotential of 220− 400mV is required to provide the required waste
heat, depending on the system operating pressure. This high overpotential results in a relatively low
roundtrip efficiency of about 40% estimated from system modeling.
McElroy et al. [49] developed a bench-scale (1 kW) ReSOC system that stores the excess heat generated
during exothermic fuel cell operation (SOFC mode) in a phase change material (PCM), specifically lithium
fluoride with a melting temperature of 848oC. The hot PCM then provided thermal energy to the stack
during electrolysis (SOEC mode). The study used a 1 kW rated stack and determined that about 450
W of thermal energy could be transferred from the exothermic fuel cell stack to the PCM, but 490 W of
resistive heating was required to maintain the PCM temperature because of heat loss to the environment.
The excessive heat loss from the test-scale system was expected to be reduced for larger systems and
improved insulation, although further publications from this research have not been found.
Shiraki et al. [53] presented modeling results from a ReSOC system which includes hydrogen storage
with a Mg-based metal hydride which is exothermic when absorbing hydrogen at 300oC with a heat
release of 74 kJ/mol of absorbed hydrogen. The results show that the electrolysis efficiency is improved
from 94% to 107% when the hydrogen storage system is implemented because the exothermic storage
provides thermal energy to preheat and vaporize reactant steam. Release of hydrogen in SOFC mode
requires an equivalent heat to the storage device, which is expected to be available from SOFC stack
waste heat, although the efficiency in the power producing mode is not reported. Furthermore, parasitic
losses from balance of plant, for example, are not mentioned in the efficiency calculation.
Er-rbib et al. [54] analyzed a reversible power-to-gas system in which hydrogen and carbon monoxide
are produced by co-electrolysis in a solid oxide electrolysis cell and used to form methane in a Sabatier
process. The system uses the natural gas network as a storage medium and is intended to generates
power in the solid oxide fuel cell from reformed natural gas during times of electricity deficit. The system
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design is focused on optimizing reactor stages and product recycle in the methanation process to supply
high purity methane to the natural gas pipeline (99.1 mol.% after three adiabatic reactor stages).
3.2 Reforming reaction for thermal energy storage
An interesting thermal storage strategy and a system design analysis is performed by Wendel in his Phd
thesis [2]. In this work the author plans to use a LSGM electrolyte ReSOC and the methanation and
steam reforming reactions to respectively provide and subtract thermal energy to the cell. These two
reactions are both catalyzed by nickel, that can be found in the porous fuel electrode. This thermal
management strategy is very interesting because the heat is stored in gas flow rates, meaning that the
electrolysis and SOFC mode can be completely decoupled.
Reaction equations eqs. (3.1) to (3.3) summarize these reactions, where the ∆h given is the molar
heat of reaction at 650oC. The forward reactions should occur when the ReSOC is operated in fuel cell
mode and the reverse reactions occur during electrolysis; although it is possible, for example to have both
water-gas shift and reverse water-gas shift reactions occur at different locations within the ReSOC in a
single operating mode depending on the reactant compositions and temperature profile.
H2 +
1
2
O2 ←→ H2O ∆h = −247KJ/mol (3.1)
CH4 +H2O ←→ 3H2 + CO ∆h = 224kJ/mol (3.2)
H2O + CO ←→ H2 + CO2 ∆h = 36kJ/mol (3.3)
Figure 3.1 shows the reactions (3.1)(3.3) occurring within the ReSOC in each mode of operation. In
SOFC mode, hydrogen is consumed and water vapor is produced at the fuel side electrode-electrolyte
interface as a result of the fuel cell electrochemical oxidation reaction 3.1. If carbon-containing species
(CO,CO2, CH4) are present in the anode feed gas, steam-methane reforming 3.2 and water-gas shift 3.3
reactions may take place depending on the operating conditions and material sets employed because of
the mass action law.
Endothermic steam-methane reforming 3.2 is promoted as a result of H2 depletion and H2O produc-
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Figure 3.1: Thermo-chemical and electrochemical reaction in fuel and air electrodes in a syngas operating
ReSOC
tion (from 3.1), and under low pressure and high temperature cell conditions. This reaction helps to
mitigate the excess oxidant cooling typically required during power producing SOFC mode. However,
the steam-reforming reaction rate over Ni-YSZ electrodes is rapid because of the catalytic activity of
nickel at high temperature and can create large temperature gradients within the cell [2]. Moreover the
presence of carbon in fuel can decrease electrode performance because of carbon deposition, deactivating
the catalyst (nickel) [55].
When the cell operates in SOEC mode, the reverse reaction should be promoted by production of
H2 and consumption of H2O. This reaction does not occur at ambient pressure at the typical SOEC
working temperature. In fact the steam reforming equilibrium constant highly depend on total pressure
and temperature and so no methane can be detected in co-electrolysis outlet gas [56]. Figure 3.2 shows
the equilibrium concentration of the chemical species at 750oC with current density variation at constant
inlet flow rate (8.53 mol/h) for a feed gas composition of 70% H2O, 20% CO2 and 10%H2 at ambient
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Figure 3.2: CH4 percentage on final sygas composition for different pressures and current densities
Table 3.1: CH4 percentage in outlet gas at different pressures for a 70% H2O, 20% CO2 and 10%H2
inlet gas composition and current density of 5000A/m2
Pressure [bar] CH4percentage
1 0.036
3 0.306
5 0.771
10 2.242
pressure 3.2.
To increase the equilibrium methane concentration, and so also the theoretically thermal energy
available for electrolysis it is necessary to increase total pressure, decrease operating temperature, or
increase utilization factor.
In Figure 3.3 are reported outlet gas equilibrium composition at ambient pressure and various temper-
atures and utilization factors considering the same inlet gas composition seen before. To increase methane
percentage at cell outlet operating at ambient pressure it is necessary to decrease the temperature and
the O/C ratio, that is to say increase very much the utilization factor or reduce the steam content in
the feed gas. This causes voltage increase in electrolysis mode because ASR of CO2 − CO reaction is
higher than H2O −H2 reaction [56]. Moreover high utilization factor means lower average oxidized fuel
concentration in SOEC mode that also increase cell potential decreasing cell heat demand and causing
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Figure 3.3: CH4 percentage on final equilibrium sygas composition for different temperatures and uti-
lization factors for the 70-20-10 inlet gas mixture defined above
stack roundtrip efficiency drop. Another problem caused by high utilization, is the non-uniform thermal
power distribution, due to non-uniform current distribution that can lead to temperature gradients and
thermal stresses in the cells.
Lowering the operating temperature, has some problems too: in fact thermal heat required for electrol-
ysis decreases, while cell voltage (in state of the art cell and for classical current density values) become
higher than thermo-neutral potential (the cell produces instead of demanding heat). So to perform this
kind of thermal management strategy at ambient pressure it is necessary to develop new electrolyte mate-
rials. A possible solution, as proposed by Wendel is the LSGM-electrolyte that can theoretically achieve
80% stack roundtrip efficiency at 650oC 3.4, a much more favorable temperature for methanation [2].
Increasing pressure is an interesting solution for solid oxide cell in general, because higher pressure
means less concentration losses, higher current density achievable and higher power density. In literature
there are some experimental results about this topic. Siemens-Westinghouse produced an electrolyte
supported tubular pressurized SOFC stack (3 bar) combined with a gas turbine [58]. More recently Idaho
National Laboratory has tested a planar anode supported stack in both SOFC and SOEC mode [57]. They
managed to operate a stack in pressurized conditions in a nuclear vessel filled with nitrogen in the density
current range from 0 to 0.4 A/cm2 and from ambient pressure to 1.5 MPa. The furnace temperature
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Figure 3.4: Stack roundtrip efficiency variation with temperature for LSGM and YSZ electrolyte cells
was maintained at 800C for all sweeps except for the 1.5 MPa sweep, which used a furnace temperature
of650oC. The open-cell voltage increases with increasing pressure. The slope of the J-V curves decreases
with increasing pressure, indicating lower ASR values associated with higher pressure operation because
of improved gas diffusion in the porous electrodes at high pressure. The high pressure test showed also
high degradation rates due to cell cracking. There are still no experimental results available in literature
about pressurized co-electrolysis.
In his dissertation Wendel proposes two different plant scales:
• distributed scale, with a 100kW discharge power and 1 MWh energy storage, 20 bar tank pressure
and 1 bar cell pressure as shown in figure3.5;
• bulk scale, with a 10MW discharge power and 1 GWh energy storage, scale 160 bar tank pressure
and 20 bar cell pressure3.6.
In the table 3.2 are reported the working parameters of the bulk scale plant and the gas compositions.
The same data for distributed scale plant are reported in figure 3.5 The maximum roundtrip efficiency
achieved in this work was 74% for both plant configuration.
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Figure 3.5: Statepoint data and system schematic for the distributed scale stored vapor system.
Figure 3.6: Statepoint data and system schematic for the bulk scale system.
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Table 3.2: Bulk scale plant operating parameters
Operating parameter Base value
Stack pressure 20 bar
Average stack temperature 650oC
Fuel utilization 90%
Hydrogen-to-carbon ratio 6.19
Average current density 0.695 A/cm2
Storage tank pressure 160 bar
SOFC mode oxidant recycle ratio 60-65%
SOEC mode oxidant recycle ratio 50-70%
Minimum SOFC excess air ratio 1.5 stoichs
Oxidant channel temp. increase 150C
Fuel channel inlet temp. 100oC less stack temp.
Compressor isentropic efficiency 88%
Turbine isentropic efficiency 90%
Gas composition mole fractions (%)
H2 CO CH4 H2O CO2
Exhaust (stored) 23.6 3.4 2.0 < 0.1 71.0
Exhaust + steam 8.2 1.2 0.7 65.4 24.6
Fuel (stored) 38.2 0.5 60.9 < 0.1 0.5
Fuel + steam 33.1 0.4 52.8 13.3 0.4
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Chapter 4
New thermal management strategy
and model description
4.1 New thermal management strategy
As shown in the previous chapter, Wendel planned to store thermal heat through chemical reactions.
McElroy tried to use a PCM (LiF) interposed between two stacks. PCM materials would be very effective
because of their high latent heat of fusion and the possibility to operate at constant temperature. Their
problem is, above all for PCM that melts at the operational temperature of a ReSOC, the poor heat
conduction of the solid phase (5Wm−1K−1 for LiF). This causes problems above all when releasing heat,
because of the thin solid phase formed at the heat exchange interface that increase thermal resistance
and insulates the liquid phase. For this reason, the heat exchange temperature becomes lower and lower.
Moreover PCM operating at typical SOFC temperature such as LiF presents generally a high volume
change in melting (about 30%), and this makes very difficult their utilization [70]. Moreover almost no
literature has been found on PCM working on typical SOFC temperature.
In this dissertation a new thermal storage method for a ReSOC stack is proposed, using sensible
heat stored in a high dense, high specific heat capacity ceramic material, interposed between two cell
stacks 4.1. Ceramic materials feasible for this application could be aluminum oxide 4.1 beryllium oxide
or aluminum nitride.
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Figure 4.1: Stack configuration
Table 4.1: Ceramic materials properties at ambient temperature
Ceramic material thermal conductivity W/(mK) density Kgm−3 specific heat capacity [kJ/(kgK)]
Berylium oxide 330 3000 637
Aluminum nitride 285 3260 1230
Aluminum oxide 30 4100 800
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Although aluminum oxide has a lower thermal conductivity than the other materials proposed, it is
the cheapest.
The ceramic materials temperature increase during the SOFC mode and decrease during SOEC mode,
provides the thermal energy required by the system. Moreover the enhanced stack thermal inertia stabi-
lizes its dynamic behavior. To study a ReSOC EES with this thermal strategy, it is necessary a dynamic
model of the plant itself. This includes also a dynamic model of stack behavior.
4.2 Cell model
The assumptions made in the model are:
• Plug flow in the fuel and air channels. The dynamic behavior of channels is neglected because faster
than thermal dynamic.
• Neglected radiative heat transfer between the PEN and interconnect.
• Lumped temperature of the solid PEN structure.
• Uniform current density across the PEN structure.
• Fully developed laminar flow in the fuel and air channels, resulting a constant Nusselt number.
• Ideal gas approximation is assumed, because gases are in a high temperature environment.
• Neglected conduction and diffusion in the fuel and air gas streams.
• Constant pressure in the fuel and air electrodes and channels.
• Isopotential PEN layer due to high electrical conductivity of the electrode materials.
• Heterogeneous reaction chemistry occurs at the interface of the flow channel and fuel electrode
support.
• Electrodes dynamic is faster than thermal dynamic, and in this model will be considered negligible.
This means that is used an equilibrium electrochemical model.
• electrochemical reactions take place at the boundary of the electrodeelectrolyte interface rather
than throughout the porous medium
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4.2.1 Electrochemical model
The electrochemical model used in this dissertation has been developed by Ferrero et al [61]. In this article
two cells are modeled: the cells have identical fuel electrodes and electrolyte, but different air electrode.
In one configuration, the air electrode consists of a porous double layer made by a 15 − 30 micrometer
thick lanthanum strontium manganite/zirconia (LSM/8YSZ) composite with 15− 30 micrometer of pure
LSM current collector layer, in the other of a porous 30 − 60 micrometer thick lanthanum strontium
cobalt ferrite (LSCF) layer with a 2− 4 micrometer thick yttria doped ceria (YDC) blocking layer. The
cell chosen for the analysis performed in this thesis is the LSCF air electrode cell, that has proven to be
very stable for reversible application as shown by Nguyen et al. [68]. They tested a Julich 4-cells stack
for more than 8000 hours in both SOFC and SOEC mode, showing little degradation (see chapter 2 for
more details).
A schematic of the cell model is illustrated in figure4.2.1.
In the 0-dimesional model, being current density uniform in the cell, the molar fraction species varia-
tion is supposed to be linear, and the value considered for potential determination is the mean one. Mass
fluxes of the chemical species related to the electrochemical reactions are calculated as functions of the
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current density, according to the Faradays law:
Φi =
JSactive
niFNfuel
WhereNfuel is the molar flow rate entering one cell, Sactive is the active surface of the cell and ni the
number of electrons involved in a reaction. The outlet concentrations are calculated as follows, considering
that in the fuel side molar flow rate is constant.
YH2,out = YH2,in − ΦH2/Nfuel
To calculate actual cell potential, the species concentrations at the Triple Phase Boundary have to
be evaluated from the channel concentration. Because of diffusion, product and reactant concentration
are respectively higher and lower at the TPB than in the gas channel. The difference between the cell
potential calculated with bulk concentrations and the one calculated with TPB concentrations is generally
called concentration overpotential. In this work, since TPB mean molar fractions are used directly for
the cell voltage calculation, there will not be any other reference about concentration overpotential.
The gas transport into the porous electrodes is modeled using the Dusty Gas Model (4.1).
Ni
Deffi,kn
+
n∑
j=1,j 6=i
yjNi − yiNj
Deffi,j
= − 1
RT
(
P
dyi
dz
+ yi
dP
dz
(
1 +
B0P
Deffi,j
))
(4.1)
where Deffi,kn is the effective Knudsen diffusion coefficient, D
eff
i,j is the effective binary diffusion coefficient
(4.5),Dk. This model provides a relation between molar fluxes (Ni) and molar fractions (yi).The mass
transport equation is [59]
ε
RT
∂(yiP )
∂t
= −∇Ni + ri (4.2)
where ε and Ni represent the porosity and the rate of mass transport, respectively, into porous media.
ri is the rate of reaction inside the porous medium. The term on the left-hand side is valid when unsteady
state is approached. The first and second terms on the right-hand side represent the diffusion rate and
the rate of reaction inside the porous medium. It was assumed earlier that the diffusion process is at
steady state and that the electrochemical reactions take place at the boundary of the anodeelectrolyte
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Table 4.2: Diffusion volume for simple molecules (Σv)
H2 6.12
H2O 13.1
N2 18.5
O2 16.3
interface rather than throughout the porous medium. Therefore, within the anode, only the first term
on the right-hand side is significant, Eq. 4.2 therefore, becomes
∇Ni = 0 (4.3)
while the DGM equation under the same hypothesis becomes
Ni
Deffi,kn
+
n∑
j=1,j 6=i
yjNi − yiNj
Deffi,j
= − P
RT
dyi
dz
(4.4)
The binary diffusion coefficients are derived from the following semi-empirical correlation derived by
Fuller et al.
DA,B =
0.00143T 1.75
P
√
MA,B(Σ
1
3
vA + Σ
1
3
vB)
2
[cm2
s
]
(4.5)
Where P is the pressure (bar) and ΣvA and ΣvB are determined by a regression analysis of many
experimental data and are reported in table 4.2. The authors report an average absolute error of about
4% [60].MAB is defined as
MAB = 2
[ 1
MA
− 1
MB
]−1
and it is measured in g/mol.
The Knudsen diffusion coefficient is defined as follows
Dkn,A =
dpore
3
( 8RT
2piMA
)0.5[m2
s
]
(4.6)
Where dpore, measured in m, is the pore radius diameter, and MA molar mass of element A. In this case
the molar mass is measured in kg/mol.
To take into account the tortuosity of the path that gas molecules must follow in the porous electrodes
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and considering that the diffusion takes place only in the empty spaces of the pores, the Knudsen and
the molecular diffusion coefficients have been corrected in their respective effective coefficients using the
porosity (ε) and tortuosity (τ) coefficients:
DeffAB =

τ
DA,B
DeffkA =

τ
Dkn,A
In the model is assumed  = 0.3 and τ = 3 according to what reported in the literature [62]polito34
for fuel electrode supported cells similar to those tested in this work. The integration of Eq. 4.34.4 along
the z direction has been performed following the methodology described by Laurencin et al. [65], and the
obtained molar fractions at the TPB layers are:
Y TPBO2 =
1
δO2
+
(
Y bulkO2 −
1
δO2
)
exp
(
− JRT lox
4FDeffO2N2
)
Y TPBH2 = Y
bulk
H2 −
RTJ
2PF
( 1
DeffkH2
+
1
DH2H2Oeff
)
Y TPBH2O = Y
bulk
H2O +
RTJ
2PF
( 1
DeffkH2O
+
1
DeffH2H2O
)
Where
δO2 =
DeffkH2
DeffO2N2 +D
eff
kH2
And Y bulk is the mean reactant concentration along the channel (arithmetic mean between inlet and
outlet).
The activation overpotential is modeled trough the Butler-Volmer equation and ca be expressed in
explicit form as follow
ηact,fuel =
RT
αfuelF
sinh−1
( J
2i0,fuel
)
ηact,air =
RT
αairF
sinh−1
( J
2i0,air
)
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Table 4.3: Activation parameters of the electrodes and properties of cell materials.
Charge transfer coefficient Activation
energy
[Kjmol−1]
SOFC SOEC
Fuel electrode 0.4 1.15 120a
Air electrode 1 1.15 130a
Best fitting parametersb
γfuel γair
SOFC 10.25 283
SOEC 31.75 105
Electrodes properties
Layer thickness
[µ m]
Density ρ
[kgm−3]
Specific heat Cp
[J/(kgK)]
conductivity [65]
[Ω−1cm−1]
Ni/YSZ 500 4760 377 800
YSZ 5 5900 600 466exp
(
− 9934T
)
YSZ/LSCF 60 4640 377 72
a both fuel cell and electrolysis operations
b value in 109 Am−2
The values of the charge transfer coefficient are extrapolated from the sudy of Marina et al. [64]. The
exchange current densities were estimated using semi-empirical equations that contain a power law depen-
dency for the concentrations of reactants and products and an Arrhenius-type temperature dependency
as follows
i0,fuel = γfuelY
TPB
H2 Y
TPB
H2O exp
(
−Eact,fuel
RT
)
i0,air = γair(Y
TPB
O2 )
0.25exp
(
−Eact,air
RT
)
where the pre-exponential kinetic parameters γair and γfuel are derived experimentally by the author of
the model. The values of all the constant used in the model are reported in table 4.3 [61]
The ohmic overpotential in [61] have been evaluated trough a impedence analysis. In this work,
because of the not constant operation temperature, ohmic losses are modeled in a physical way. The
correlation for the electrolyte ionic conductivity temperature dependency and the values of electronic
conductivity of LSCM cathode, NiYSZ mesh and interconnect are reported in the table 4.3. The contact
resistance considered is 0.1Ωcm2
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The specific resistance of every cell component is calculated as follows
Ri =
li
ρi
where li is the layer thickness and ρi is the material conductivity.
4.2.2 Thermal model
The thermal behavior of the cell has been simulated using a 0 dimensional dynamic model for PEN
and interconnection while a one dimensional stationary model was used for channels. This modeling
approach was chosen because of its simplicity: in fact all equation can be analytically solved. Many two
dimensional-dynamic models can be found in literature, but they have to be solved numerically. Using
this model temperature gradient inside the PEN structure cannot be taken into account. Anyway uniform
temperature can be a good approximation to evaluate only stack efficiency. Gradients temperature have
to be modeled when thermal stress is analyzed.
The PEN energy balance equation is
ρPENCp,PENVPEN
dTPEN
dt
= −hairS(TPEN − Tm,air)− hfuelS(TPEN − Tm,fuel) + Q˙ (4.7)
where hair and hfuel are convective heat exchange coefficient, Tm,air and Tm,fuel are the mean heat
exchange temperature calculated as shown in 4.12 and Q˙ is the thermal power produced by the cell, and
it is positive in SOFC mode, mainly negative in SOEC mode (positive for cell voltage higher than Etn).
The heat exchange coefficient have been evaluated from Nusselt number, whose value is not depending
on flow velocity because of the completely developed laminar flow hypothesis.
Nu =
hDH
k
= 3.68 (4.8)
where DH is the hydraulic diameter of cell channel and k is the thermal conductivity of the gas. The gas
channel dimensions of the cell are not known, so in the model are used values from [65]. These dimensions
are reported in table 4.3
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For the fuel channels model, this differential equation has been solved
NfuelCp,mix
dTfuel
dx
= −hfuelS
lcell
(Tfuel − TPEN )− hfuelSint
lcell
(Tfuel − Tint) (4.9)
where Tint is the interconnection temperature, Sint is the interconnection surface, Scell is the cell surface
and lcell is cell width (y direction).
In the air channel model inlet mole flux is different from the exit. It is also true that to avoid too
much oxygen depletion and to cool the cell, air utilization factor is generally low (0.3). This means that
the molar flow difference between inlet and outlet in SOFC mode is quite low, so can be neglected, and
the molar flux can be considered constant throughout the cell. So the equation solved becomes
NairCp,air
dTair
dx
= −hairS
lcell
(Tair − TPEN )− hairSint
lcell
(Tair − Tint) (4.10)
In SOEC mode air utilization factor has no meaning, because oxygen is produced. The molar flow is
lower because the cell does not need to be cooled, so the mass difference between inlet and outlet cannot
be neglected. In this case oxygen and nitrogen specific heat capacity have been assumed equal and the
oxygen enters the channel at PEN temperature. The equation solved is:
Cp
dTair
dx
[ |J |lcell
4F
+Nair,in
]
+Cp
|J |lcell
4F
(Tair − TPEN ) = −hairS
lcell
(Tair − TPEN )− hairSint
lcell
(Tair − Tint)
(4.11)
The mean heat exchange temperature Tm has been determined from the relation
hS(TPEN − Tm) + hSint(Tint − Tm) = NCp(Tout − Tin) (4.12)
The outlet temperatures have been calculated solving equations 4.9, 4.10 and 4.11.
The interconnection balance has been obtained solving the same differential equation solved for the
PEN.
ρintCp,intVint
dTint
dt
= −hairS(Tint − Tm,air)− hfuelS(Tint − Tm,fuel) (4.13)
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Figure 4.2: Plant configuration in SOFC mode
4.3 System components model
The system configurations analyzed are composed of:
• A ReSOC stack of 5000 cells for a maximum power of 150kW
• A heat exchangers to cool down products and preheat reactants
• A steam accumulator
• An intercooled compression station
• A high pressure hydrogen tank
The system configurations are shown in Figures 4.2,4.3 for the vapored condensed configuration and in
4.4 for vapor stored configuration SOFC mode. For this second configuration SOEC mode figure is not
reported because it can be easily obtained switching the fuel tank with the exhaust tank.
4.3.1 Stack
To increase the stack inertia and use the sensible heat stored during stack operation ceramic material has
been chosen. This thermal buffer has been inserted between two consecutive stacks. To determine the
optimal number of cell for every stack, it is important to evaluate the thermal inertia required for every
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Figure 4.3: Plant configuration in SOEC mode
Figure 4.4:
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cell, and take into account that ceramic material thermal conductivity is quite low for aluminum oxide,
and so the layer thickness cannot be too high. The heat required and SOEC mode has been estimated
as follows
˙Qth,SOEC = (Etn − Vcell)JS (4.14)
In nominal SOEC condition (750C, P = Pmax, YH2,inlet = 0.2, Uf = 0.5), evaluating Vcell and J from
figure 5.1 this thermal power is about 8W/cell. Assuming the power absorbed by the stack constant, a
4 hour electrolysis and a 100oC maximum temperature variation follows
Qth = ( ˙Qth,SOEC ∗ 3600 ∗ 4) = 115.2kJ (4.15)
So the ceramic material mass required is
mcer =
Qth
Cp,cer∆T
= 1.15kg/cell (4.16)
Considering a mass density of 4000 kgm3 and the same dimensions of the cell stack considered in ??, the
ceramic layer thickness is 0.011m/cell. In this calculation is not been considering the fact that in SOEC
reactants at cell inlet have a lower temperature than the cell has, and so passing through the cell they
cool down the cell itself. Anyway this thermal power is about 10 times smaller than the reaction one. In
fact the fuel molar flow rate SOEC mode is
˙Ncell,fuel =
JS
2 ∗ F
1
Uf,H2(1− YH2,incel)l
The air molar flow rate for SOEC mode is much lower than in SOFC mode because the stream has
only to blow away the oxygen produces during electrolysis. Considering typical values of specific heat
capacity, and a ∆T of 50C the heat exchanged to gas flows per cell can be calculated as
Qflux = Ncell,fuelCp,fuel∆T = 0.8W/cell
To increase heat exchange between cell and ceramic material has been inserted a little gap where an
air stream flows. In this way in SOEC mode heat flows from the ceramic material trough air to the cell
interconnection. The gap has to be very thin to allow high heat exchange coefficient in laminar flow
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regime. Typical heat exchange coefficient achievable in this way are 100 Wm2 (see 4.8) for a temperature
of 800oC and a gap thickness of 1mm
The maximum thickness of the ceramic material is determined by its thermal conductivity that can
cause a big difference between bulk temperature and interface temperature. This could cause a high
temperature difference between the cell and the material, making the thermal buffer completely ineffective.
Biot number is defined as
Bi =
hlL
k
If this adimentional number is lower than 0.1, the material can be assumed isothermal. Solving for L
and assuming Bi = 0.1,
Lmax = 5 ∗ 10−2m
The thickness obtained is suitable for a 4-cell stack.
The stack model has been simplified using the symmetry condition, so only the two cells and half of
the ceramic layer have been simulated.
To control the temperature increase during SOFC mode without lowering too much the utilization
factor and so the plant efficiency, the ceramic layer temperature is controlled trough air streams.
The stack power is controlled varying the molar flow rate entering the cell, keeping utilization factor
constant, as done by [20]
4.3.2 Heat exchanger
The heat exchanger has the function to preheat reactant and cool down products and is necessary in both
the configurations proposed. In this dissertation heat exchanger dynamic has been neglected, because
it is faster than the stacks one (because of the increased inertia). The efficiency method, that is often
used to dimension heat exchangers, can model them in a simple and realistic way [71]. Heat exchanger
efficiency is defined as
ε =
Qreal
Cmin(T1 − t2) =
Cmin(t2 − t1)
Cmin(T1 − t2) (4.17)
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Cmin = (N˙Cp)min
Where Cmin is the lowest heat capacity rate, t2 and t1 are respectively the inlet and outlet temperature
associated to the flow with the lowest heat capacity rate, and T1 is the inlet temperature of the other flow.
So Cmin(t2−T1) is the maximum amount of heat transfer and can only occur in a heat exchanger whose
area approaches infinity. In this case, being the inlet and outlet molar flux identical, the gas stream with
the highest steam concentration has the highest capacity rate, because steam specific heat at constant
pressure is higher than hydrogen.
Efficiency is generally a function of NTU and Cr which are defined as
NTU =
UA
Cmin
Cr =
Cmin
Cmax
Where U is the overall heat transfer coefficient and A is the heat transfer area.
Generally when decreasing mass flow rate (and consequently heat capacity rate), NTU increases,
because the U fall caused by lower velocities is compensated by the Cmin fall. So in this work a value
of the efficiency of the heat exchanger for nominal condition has been assumed from a chart. In reduced
flow condition, the NTU increases as should do the efficiency of the heat exchanger. So keeping the same
efficiency value chosen for nominal condition for the whole operating range of the heat exchanger is a
conservative hypothesis that can be good for the purpose of this work. Moreover, for NTU higher than
3, the efficiency increases very slowly with NTU, so if the heat exchanger is designed to operate in that
zone, keeping the efficiency constant does not involve almost any error at all. In figure 4.5 is reported
efficiency variation in function of Cr and NTU for a tubular heat exchanger in couterflow configuration.
Knowing the heat exchanger efficiency and the inlet temperatures, the outlet temperature of the fluid
with the lowest heat capacity rate is determined as follows
t2 = ε(T1 − t1) + t1
While the outlet temperature of the other fluid is calculated with a simple energy balance.
Cmin(t2 − t1) = Cmax(T1 − T2)
47
Figure 4.5: Efficiency variation for a tubular heat exchanger
The quasi static model of the heat exchanger implies a discontinuity in the cold fluid outlet tem-
perature when the stack switches operation mode. In fact, considering a SOFC to SOEC transition,
the instant before the gas coming out the stack has the highest heat capacity rate (because hydrogen is
converted in steam in the stack), while the instant after the switch the same gas flow has the lowest heat
capacity (steam is converted in hydrogen). This discontinuity does not occur in a real heat exchanger
because of its the thermal inertia that in this model has been neglected. The aim of this work is to
evaluate the roundtrip efficiency of a ReSOC EES so, unless this discontinuity affects the simulation
convergence, is not considered.
4.3.3 Steam generator
The steam accumulator is necessary in vapor condensed configuration. It can be thought as a boiler
drum. In fact both in SOFC and SOEC mode it is heated by the gas coming out the heat exchanger and
the first compression stage. In SOEC mode, when steam is required for electrolysis, the inside pressure
decrease leading to new liquid water evaporation, that keeps the molar steam flow rate constant during
the system operation. With the thermodynamic equilibrium hypothesis, the energy balance equation for
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the steam accumulation is the following
Q˙ =
dUtank
dt
+Nouths −Ninhl (4.18)
Where dotQ in the thermal power introduced by the gas fluxes, Utank is the accumulator internal
energy and is defined in equation 4.19, hs and hl are respectively the steam and reintegration liquid
water enthalpy. The internal energy of the tank is defined as
Utank = [xvuv(T ) + (1− xv)ul(T )]Ntank (4.19)
xv =
Nv
Ntank
where ul and uv are the molar internal energy of liquid and gas phase water. Every physical quantity
of this problem depends only on temperature, because temperature and pressure are not independent
variables in saturation conditions. To make the energy balance equation depend only on tank temperature
the chain rule is used
dU
dt
=
dU
dT
dT
dt
(4.20)
dU
dT
=
d[xvuv(T ) + (1− xv)ul(T )]Ntank
dT
(4.21)
dU
dt
=
dT
dt
[
dxv
dT
(uv − ul) + duV
dT
xv − dul
dT
(1− xv)] (4.22)
The perfect gas state equation has been used to express xv as a function of tank temperature, supposing
that liquid water occupies only a negligible fraction of the tank volume
psat(Tsat) =
NtankxvRTsat
Vtank
(4.23)
xv =
p(Tsat)Vtank
RTNtank
(4.24)
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The temperature dependence of ul, uv, hl, hv and ptank has been determined with a polynomial
regression. The thermodynamic data for the regression have been found on REFPROP [33].
4.3.4 Compression station
The compression station in vapor condensed system configuration is composed of four intercooled com-
pressors. The gas flow coming out the cell and the heat exchanger heats up the steam accumulator, whose
temperature is about 420K and then is compressed for the first time with a compression ratio of 4. After
that, the gas again exchange thermal energy with the steam accumulator, and then is cooled down to
ambient temperature. The condensed water is removed. There are three more intercooled compressions
and at the end of the last one the hydrogen molar fraction is almost 99%. The power consumed by
compressors has been evaluated assuming a realistic value of iso-entropic efficiency. The water steam and
hydrogen mixture is supposed to behave as an ideal gas and to follow Dalton’s law of partial pressures,
so its specific heats can be evaluated as a weighted average of the single component ones as follows.
Cp,mix = yH2Cp,H2 + (1− yH2)Cp,H2O (4.25)
where yH2 is hydrogen molar fraction.
The power for a single compression is evaluated from the first principle energy balance and is
Pcomp = N˙Cp,mix(Tout − Tin)
The outlet temperature has been determined from the iso-entropic efficiency
Tout =
Tout,id − Tin
ηis,c
+ Tin (4.26)
Tout,id = (
pout
pin
)
k−1
k (4.27)
To take into account the temperature variation of specific heat at constant pressure k is averaged
between the initial and the final temperature. The problem has been made explicit using the outlet
temperature calculated the previous time step of the simulation.
The temperature dependency of thermodynamic properties has been calculated using a polynomial
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interpolation of REFPROP data. To determine the condensed water molar flow rate in every intercool-
ing, it is assumed that the maximum partial pressure of water is the saturation pressure at the outlet
temperature. To simplify things the outlet temperature has been assumed as the heat sink temperature
augmented of 15oC.
In the vapor stored configuration, a mixture of water vapor and hydrogen is stored in two different
tanks: one for the hydrogen rich mixture, called ”fuel tank”, and one for the steam rich mixture, called
”exhaust tank”. In SOFC mode the hydrogen rich mixture comes out from the fuel tank, expands in
gas turbines to stack pressure and pass trough the ReSOC stack, where hydrogen is electrochemically
converted in water steam. The steam rich mixture coming out the stack is compressed and stored in the
”exhaust” tank. In SOEC mode on the contrary, steam rich mixture enters the stack and is compressed
and stored in the hydrogen rich tank 4.4.
When storing a mixture of hydrogen and water vapor, according to Dalton’s law, its temperature has
to be higher than the saturation temperature at the partial pressure of the vapor to prevent condensation
(under the hypothesis of ideal gas mixture). So to have a high pressure storage and so a high energy
density the gas has to be kept around critical temperature of water, above all in the ”exhaust tank”. A
high storage temperature implies several critical aspects such as high thermal losses and difficult tank
design. It also implies high compression power required that can only partially be recovered in expansions.
The compression station in this case is composed of four intercooled compressors, four heat exchangers
and four gas turbines. After every compression heat excess thermal energy of the gas is partially recovered
heating the expanding gas in a heat exchanger. For the compressors and turbines, the isoentropic efficiency
chosen is respectively 0.75 and 0.8, while the heat exchanger efficiency is 0.8. All of these parameters
values have been found in literature [29] [28]
To calculate the power needed by the compression station in this configuration, two hypothesis have
been made: the first hypothesis made for to model the system is that the pressure in both tanks remains
constant during operation. This assumption is not realistic because the pressure of the gas flow coming
out the fuel tank decreases in SOFC mode while increases in SOEC mode. Of course in a real plant this
would influence turbines and compressors power production and consumption, and so plant roundtrip
efficiency, but in this work is not considered. A variable volume storage tank would solve many of
the issues discussed by maintaining relatively constant tank pressure during operation. One considered
approach to variable volume tanking is a ”floating piston” tank where a rigid vessel is separated into two
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compartments by a movable partition, creating distinct fuel and exhaust chambers. This arrangement
would mitigate many problems associated with individual rigid tanks and also increases energy density
by reducing the total tank volume.
The second hypothesis made is that the gas mixture follows Dalton’s law. This means that every
thermodynamic property of the mixture can be calculated averaging the property of a single compound.
This approach is widely used for relatively low pressure gas mixtures, and has been validated comparing
the results obtained with Dalton’s law with those obtained from REFPROP for a gas mixture of water
vapor and hydrogen in the same conditions (temperature, compositions, pressure). The differences found
are not so significant, so Dalton’s law is used to model the mixture thermodynamic properties.
Mixture enthalpy and entropy can be calculated as shown in (4.28) and (4.29)
hmix(T, ptot) = yH2hH2(T, yH2ptot) + (1− yH2)hH2O(T, (1− yH2)ptot) (4.28)
smix(T, ptot) = yH2sH2(T, yH2ptot) + (1− yH2)sH2O(T, (1− yH2)ptot) (4.29)
To calculate compressors and turbines power, a isoentropic efficiency of compressors and turbines
has been assumes as done before, but in this case the final temperature of the reversible isoentropic
transformation has not been evaluated using equation (4.27), because it has been developed for an ideal
gas (constant Cp and Cv). In this case in fact, the final point of the reversible transformation is defined by
entropy of the mixture (4.29) (that is constant during the transformation) and the final partial pressures
(4.30).
Smix,inlet(Tinlet, pinlet) = yH2SH2(Toutlet, yH2poutlet) + (1− yH2)SH2O(Toutlet, (1− yH2)poutlet) (4.30)
Entropy of every component is a function of partial pressure and temperature. For every hydrogen
concentrations considered (in both compressed and expanded flows), and so for every species partial
pressure a polynomial regression of the entropy-temperature dependence has been performed. In this
way equation 4.30 becomes a polynomial equation in temperature that is numerically solved by Matlab
during system simulation.
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4.3.5 Hydrogen tank
The hydrogen tank has to store fuel produced in SOEC mode and provide it in SOFC mode. Compressed
hydrogen storage is the most suitable storage strategy, because its relatively high energy density and the
water steam tolerance. Metal hydrides can achieve higher energy densities and they charge at relatively
low pressure (20 bar for Mg hydrides), but they need a higher hydrogen purities not achievable without
cooling down water hydrogen mixture below ambient temperature.
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Chapter 5
System Configuration analysis
5.1 Vapor condensed system configuration
The vapor condensed system configuration is an attempt to achieve a trade-off between the roundtrip
efficiency and the energy density of the EES. The hydrogen tank pressure is about 100 bar, and the
energy density is, applying the ideal gas law
ρenergy = LHVH2[MWh/mol]
Ptank
RTamb
= 0.27[MWh/m3]
this energy density is comparable to Li-ion batteries [66] and is significantly higher than the 18.9kWh/m3
Wendel reported in his work for the distributed scale system because of the lower storage pressure (20
bar). Moreover this configuration allows a high stack roundtrip efficiency because it is possible to operate
in SOFC mode with a high hydrogen concentration and in SOEC mode with a high steam concentration.
This, at constant current density, increase cell voltage in SOFC mode and decrease it in SOEC mode. In
fact assuming a nominal current density of 4000A/m2 for both modes, a hydrogen molar fraction in cell
inlet gas of 0.8 and 0.2 for respectively SOFC and SOEC mode and 800oC as operation temperature, the
stack roundtrip efficiency defined in (2.7) becomes
ηrt,stack =
VSOFC
VSOEC
=
0.875
1.01
= 0.87%
where the approximate values of VSOFC and VSOEC can be found in Figure 5.1, that sums up the results
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Figure 5.1: Polarization curves of a LSCF cathode at 800oC with different inlet hydrogen concentration
[61]. This results were obtained with constant inlet mass flow rate, and so with variable utilization factors
obtained by Ferrero et al [61]. The utilization factor of this result has to be calculated as shown in (5.1),
because the experiments were carried out under constant inlet flow rate (NH2−H2O,in = 1.5Nl/min and
S = 47cm2).
Uf =
NH2−H2O,in − JS2F
NH2−H2O,in
=
NinYH2−H2O,in − JS2F
NinYH2−H2O,in
= 36% (5.1)
This system configuration also implies several working limitation. First of all the stack has always
to operate electrolysis in dynamic mode, because the thermal energy for electrolysis is stored as sensible
heat. This means that if the system perform electrolysis for a very long time, the cell temperature
will lower, until the cell potential will overcome the thermoneutral one. The equilibrium point where
thermal losses equalize the heat produced has been detected around 870K 5.2. The roundtrip efficiency
in this situation becomes very low, below 50%. This means that on regular basis (in the ceramic material
dimensioning 4 hours were supposed) the cell operation has to be switched. Another limiting element in
system flexibility is the steam accumulator. The thermal energy received by the stack outlet gas during
the electrolysis mode is not enough to vaporize water, so there has to be a switch to SOFC mode to
recharge it.
The ceramic’s thermal inertia is very helpful to control temperature in power transients, avoiding cell
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Figure 5.2: Cell and ceramic material temperature variation
sudden temperature variations that should reduce thermal stress and degradation. In fact because of the
high thermal inertia of ceramic material, the stack behaves as a low-pass filter. This means that this
system can have a very fast dynamic for current density variation as shown in Figure 5.3,5.4.
Moreover stack temperature can be controlled cooling with air the ceramic material, and reducing air
flow inside the cells.
When the system has a sudden switch in operation mode (e.g. from SOFC to SOEC), there are high
temperature variation inside the cell. If the stack operates in SOFC mode, cell temperature is higher
than ceramic material temperature, because heat is transfered from the stack to the ceramic material.
If a step change of operation mode occurs and the electrolysis begins, the stack needs thermal energy
that cannot be provided by the ceramic material because its temperature is lower. So stack temperature
drops very steeply because of its low thermal inertia until it reaches ceramic material’s. At this point
electrolysis can be performed normally. A graphical example of what happens in cell temperature when
switching operation mode is in Figure 5.5. The inverse problem happens when passing from SOEC mode
to SOFC mode.
This sudden temperature variation can cause thermal stress inside the stack that cannot be analyzed
using this model. To overcome this issue, it is necessary to restore thermal equilibrium in the stack before
performing such an operation. So this power inversion has to be controlled to prevent excessive stack
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Figure 5.3: Stack temperatures and current density variation during a sinusoidal power transient (10
minutes period)
Figure 5.4: Stack temperatures and current density variation during step-power transient (from 0 to
50kW)
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Figure 5.5: Temperature time variation in the duty cycle proposed for roundtrip efficiency evaluation for
Uf = 0.6 and YH2,in,SOFC = 0.8 and YH2O,in,SOEC = 0.8
degradation. During this operation the stack can be replaced by an electrochemical EES (e.g. a Li-Ion
battery). This behavior is not considered when calculating roundtrip efficiency in this work, because it
does not affect system performances but only its dynamic.
5.1.1 Parametric system analysis
To evaluate system roundtrip efficiency and optimize working parameters, the duty cycle assumed is a
two hours full power discharge, followed by a full power complete recharge, that ends when the hydrogen
is completely restored in the high pressure tank. The nominal power for the 5000 cells stack has been
assumed of 150kWe. The parameters evaluated are: fuel utilization factor and hydrogen inlet concentra-
tion in both in SOFC and SOEC mode. These parameters were chosen because they largely effect system
roundrip efficiency. A higher utilization factor decreases respectively hydrogen and steam gas flow rates,
meaning fewer compression power needed. In fact the compressed molar flow rate for both SOFC and
SOEC mode can be calculated as shown in (5.2),(5.3)
Ncomp,SOFC = ncelle
JS
2F
1
1− YH2,in(1− Uf,H2) (5.2)
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Figure 5.6: Molar flow rate of compressed mixture at various reactant concentration and utilization
factors. In SOFC mode Uf and Yin are defined for hydrogen, while in SOEC mode for steam. J in these
calculation has been assumed 3000A/m2
Ncomp,SOEC = ncelle
|J |S
2F
1
1− YH2,in(1− Uf,H2O) (5.3)
Figure 5.6 shows how the compressed flow molar flow rate depends on utilization factor an reactant
inlet concentration.
On the other hand, higher utilization factors also means lower medium reactant concentration inside
the cell and so lower stack roundtrip efficiency 5.7. Moreover, with high utilization factors current density
uniformity hypothesis does not work anymore [67], and this can lead to temperature gradients inside the
stack because thermal energy produced or required by the cell is directly proportional to local current
density value. The maximum utilization factor for both SOFC and SOEC mode considered in this work
is 0.7. As for products inlet concentration, it affects system behavior because it determines the recycled
flow rate, and with the utilization factor, the reactant medium concentration inside the cell: a higher
inlet reactant concentration means higher medium concentration and higher stack roundtrip efficiency,
but lower recycle flow rate and so higher compression power needed. For these reasons, the system is
expected to have a stable behavior in a wide range of these parameters values.
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Figure 5.7: Stack roundtrip efficiency for different reactant concentrations. In this figure H2 (in SOFC
mode) and H2O (in SOEC mode) mean concentration are equal
The conditions for the roundtrip calculation duty cycle are:
• thermal equilibrium initial condition. The initial temperature of every part of the system is 1000
K.
• step change of power (from 0 to SOFC max power, and to SOFC max power to SOEC max power)
• the utilization factors tested vary from 0.3 to 0.7 (0.1 step)
• the inlet reactant concentration tested vary from 0.1 to 0.5 (0.1 step)
• the ceramic material temperature has been limited to 1050 K and it is cooled in SOFC mode by an
air flow whose magnitude is directly proportional to current density.
The initial and maximum ceramic temperatures influence the roundtrip efficiency, because they influence
the cell mean operation temperature. 1000 K is a typical ReSOC operating temperature, and for this
reason it has been chosen as initial condition. The maximum temperature has been assumed 1050K so
that the thermal energy balance of the system is as close as possible to 0 because in the rountrip efficiency
definition given in 2.6, it is not considered. The ceramic material thermal reservoir was dimensioned for a
100oC temperature variation during 4 hours full powere electrolysis. So in this case half of the maximum
temperature variation is expected because the stack performs electrolysis for about two hours.
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Figure 5.8: Average current density time dependence for Uf,H2 = 0.6, Uf,H2O = 0.6, YH2,in,SOFC = 0.8,
YH2O,in,SOEC = 0.8
As expected the roundtrip efficiency is quite constant over the working range considered: the maximum
efficiency value was 0.64, and was achieved with the maximum utilization factors (0.7) and the highest
reactant concentrations for both SOEC and SOFC mode (0.9). The average value of the rountrip efficiency
of the proposed duty cycle is 0.6. For this reason it is possible to find an operating condition for the
system that can have a relatively high roundtrip efficiency and that maximizes plat life.
Another aspect to consider, is the residual thermal energy in the steam tank: in fact the heat recovered
is higher that the energy needed for water evaporation, as Figure 5.9. This suggests the possibility of
expanding the excess steam in a turbine to recover extra electrical energy, or to condensate the water
vapor before the first compression occurs. Of course the steam generator temperature cannot be lower
than the initial temperature, because in the definition of roundtrip efficiency does not take into account
system internal energy variation.
The efficiency calculated in this dissertation is lower than the one found by Wendel, who proposed
73% for his plant [2]. But this is basically due to lower nominal current density considered by the author:
he chose a 2000A/m2 nominal current density, while in this case a the current density is about 5000A/m2
for SOFC mode and 4000A/m2 for SOEC 5.8, meaning a much higher power density.
With the same 2000A/m2 current density, the roundtrip efficiency becomes higher than before. The
roundtrip efficiency achieved with this current density, with 0.5 utilization factor and 0.8 reactant con-
centration for both operating modes is 71%. The power produced and absorbed by the system in this
conditions is reported in Figure 5.10.
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Figure 5.9: Steam generator temperature for the ambient pressure vapor condensed configuration with
one high temperature gas compression
Figure 5.10: Stack power time series. If positive, power is produced, if negative, is absorbed
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5.2 Vapor stored system configuration
The vapor stored system configuration has a lower energy density of the vapor condensed one, because of
the lower hydrogen concentration in storage tank and the higher temperature. Considering a hydrogen
concentration of 0.6 (average between exhaust tank and the fuel tank), a storage pressure of 100 bar and
a storage temperature of 600K follows
ρenergy = LHVH2[MWh/mol]
PtankYH2
RTstorage
= 80[kWh/m3]
In this configuration the fuel tank and the exhaust tank hydrogen concentrations has to be equal
to the cell outlet gas flow ones respectively is SOEC and SOFC mode. This implies that reactant inlet
concentrations determinate both the utilization factors because of the following relations
Uf,SOFC =
YH2,fuel−tank − YH2,exhaust−tank
YH2,fuel−tank
(5.4)
Uf,SOEC =
(1− YH2,exhaust−tank)− (1− YH2,fuel−tank)
1− YH2,exhaust−tank
=
YH2,fuel−tank − YH2,exhaust−tank
1− YH2,exhaust−tank
(5.5)
This meas that it is not possible to operate with low utilization factors and high reactant inlet molar
fractions in both operating modes (SOEC, SOFC), and so that this configuration has a lower stack
roundtrip efficiency than the one analyzed before. Moreover the parameters that influence roundtrip
efficiency are two and not four.
This configuration shares the same problems described before for long electrolysis period, because
the thermal energy reservoir in the stack has to be recharged. Anyway water vapor is stored in tanks
and so the only limitation in this scenario is the ceramic material temperature. Anyway to perform a
long electrolysis the cell operation mode has to be switched for a short time, because the thermal power
produced in SOFC mode is about 5 times higher than the one required in SOEC mode. This means that
this configuration has a higher flexibility than the vapor condensed one. The problems related to the
high temperature variation during operation switching of course remains and limit the system dynamic.
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5.2.1 Parametric system analysis
To evaluate the system roundtrip efficiency, the duty cycle assumed is the same one described before, that
is to say a two hours full discharge and a followed by a full power complete recharge that ends when the
current integral is null. This condition, because of Faraday’s law, implies that the hydrogen consumed in
SOFC mode has been produced in SOEC mode.
The operational parameters chosen for this analysis are the inlet reactant concentrations. As seen
before (5.4), (5.5), the utilization factors of SOEC and SOFC mode directly depend on YH2,exhaust−tank
and YH2,fuel−tank.
The molar flow rates that enters the cell and the compression station is the same in both operation
mode and can be calculated as
˙NSOFC = ˙NSOEC = ncelle
JS
2F
1
YH2,fuel−tank − YH2,exhaust−tank
(5.6)
Figure 5.11 shows how the molar flow rate depends on fuel tank and exhaust tank hydrogen molar
fractions. From this figure it is easy to understand how the mass flow rate needed by the cell and so
the overall compression power required grow as the hydrogen molar fractions in fuel tank and exhaust
tank become close. This implies that the utilization factors in both SOFC and SOEC mode have to be
very high, to contain the compression power. The stack roudtrip efficiency in this configuration is lower
than the condensed vapor configuration, because medium reactant concentrations are lower because of
the high utilization factors.
The inlet hydrogen molar fractions tested vary from 0.9 to 0.5 for fuel tank and from 0.1 to 0.5 for
exhaust tank. Of course the case where both concentration are 0.5 has not been simulated because it
would require an infinite flow rate 5.6. The storage temperatures are equal for both tanks, and are 650K,
high enough to prevent water steam condensation.
The maximum roundtrip efficiency achieved in this simulation is 64%, while the mean value is 48%
and the minimum value is 14% reached for YH2,tank = 0.6 and YH2,exhaust = 0.5. The results show
that for a relatively high roundtrip efficiency utilization factor close to 0.9 for both electrolysis and SOFC
mode are needed. As said before a high utilization factor could cause thermal gradients inside the cell and
compromise the uniform current density hypothesis, that would be higher near the inlet where reactant
concentration is high and very low at the outlet. So the mean molar fraction of reactant could be lower
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Figure 5.11: Molar flow rate required by the stack for various fuel tank and exhaust tank hydrogen molar
fractions
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than the arithmetic mean between inlet and outlet. In this model this aspect is not considered.
5.3 Possible system configuration improvements
Both configuration discussed, present a relatively low roundtrip efficiency, that is for the duty cycle
proposed around 64% for both. To enhance the plant efficiency without decreasing the energy density,
two possible way can be followed:
• increase stack operating pressure to decrease compression work
• recover part of the waste heat in SOFC mode to generate extra electric power
The pressurized operation also influences cell behavior. Pressurized operation has two distinct effects
on the cell electrochemical performance: increases OCV (2.3) and reduces losses associated with the
activation and concentration polarizations. In SOFC mode both these two effects increase cell voltage,
while in SOEC mode the higher OCV elevates cell voltage, while the reduced electrochemical losses
decrease it.
With an increase in cell potential, the SOFC power production and efficiency also increases. Pres-
surized operation has the opposite effect in electrolysis mode, because it increases the applied voltage
and consequently the electric power consumption for a given current density. At high current density
(i.e., past the intersection point in Figure 5.12) the pressurized SOEC has better performance compared
to atmospheric because the increased Nernst potential is offset by reduced activation and concentration
losses. In fact, in comparison with an ambient pressure cell that operates with the same current density,
the medium reactant concentration is higher.
Figures 5.13, 5.14 show the cell voltage of the first cell of the stack (the closest to the ceramic material)
of vapor stored configuration in both ambient and pressurized operation (12 bar). The model developed
by [61] was not testeed for pressurized operation, so the results shown about this topic are not meant to
be quantitative, but qualitative.
The stack roundtrip efficiency for both this operation should be almost the same. In fact from 2.7,
for the pressurized cell follows
etart,stack =
0.9
1.15
= 0.76
66
Figure 5.12: Voltage and power density vs. current density for a ReSOC under atmospheric (black) and
pressurized (red) conditions.
and for the ambient pressure cell
etart,stack =
0.8
1.04
= 0.77
The major reason to increase operating pressure is that it would decrease compression power. For
example if in the the vapor stored configuration the stack operating pressure was 12 bar, the compression
power needed would be around half than what required for the ambient pressure operated stack. The air
compression energy could be mostly recovered expanding to ambient temperature the air coming out the
heat exchanger.
The roundtrip efficiency for the vapor stored pressurized system configuration with YH2,fuel−tank =
0.9 and YH2,exhaust−tank is 70%. This value cannot be further increased because is very close to the
stack roundtrip efficiency, that is the maximum efficiency achievable. The only way to improve system
performance is to increase stack roundtrip efficiency. To do that in vapor stored configuration, it is
necessary to decrease medium cell current density (and so the specific power) or to increase stack medium
temperature. For example increasing initial temperature from 1000K to 1050 K the stack roundtrip
efficiency under pressurized operation becomes 0.813, as can be calculated averaging cell voltage during
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Figure 5.13: Cell 1 voltage during evaluation duty cycle in pressurized conditions (12 bar).
Figure 5.14: Cell 1 voltage during evaluation duty cycle at ambient pressure.
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Figure 5.15: Cell 1 voltage during evaluation duty cycle for 1050 K initial temperature.
the evaluation duty cycle reported in Figure 5.15. The calculated system roundtrip efficiency (always
calculated checking that the initial ceramic temperature is equal to the final one)becomes in this case is
0.74.
Another possibility is to change cell electrolyte material using a lower temperature operating ionic
conductor such as LSGM, as proposed by Wendel.
In vapor condensed configuration, stack roundtrip efficiency can be higher because reactant concen-
trations and utilization factors can be separately controlled. For example for low utilization factors (0.3)
and high reactant inlet concentration (0.9) stack roundtrip efficiency is higher than 80% in the evaluation
duty cycle. The problem with this configuration, as seen before, is that a high stack efficiency goes along
with a high compression power needed, so elevating operation pressure could be solution to improve
system performance.
As for vapor condensed configuration system, the higher operating pressure would reduce compression
power, but would also elevate stack potential, with lower thermal power produced by the stack in SOFC
mode and required in SOEC mode. The lower thermal power produced in SOFC mode means that the
system can accumulate less thermal energy to to evaporate water for SOEC. Moreover the steam needed
in SOEC mode has to be at higher temperature. In fact the water saturation temperature at 12 bar is
461 K, that is the lowest temperature achievable in the steam generator. In brief less thermal power can
be recovered from the gas stream. In fact, from the heat exchanger efficiency definition, the temperature
variation that can be recovered in the steam generator decrease when its temperature increase, as shown
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Figure 5.16: Steam generator temperature for the no high temperature compression pressurized system
here
Tout,h − Tsat = (− 1)Tsat + (1− )Tout,cell
A possible solution to this problem could be the recovery of water condensing heat: in fact, above all in
SOFC mode where water concentration in higher, part of the water vapor contained in the gas flow coming
out the cell could be condensed after the first compression. The problem with this solution is that water
condenses when its partial pressure is higher than saturation pressure at gas mixture temperature. This
means that for a 0.6 water molar fraction flow at 12 bar, considering 10 degree temperature difference
between stem generator and gas, has to be compressed to 25 bar to start condensation. Moreover if
steam generator temperature is higher (461K is the minimum temperature achievable), let’s say 483K,
gas pressure has to be 66.7 bar. In SOEC mode, where water concentration is lower, condensation requires
even higher pressure. So to recover heat from water condensation a lot power is needed, because at least
two high temperature compressions are required.
If no water condensation occurs, the additional heat exchanged with the steam generator is at best
equal to the electric energy spent for compression (neglecting every thermal losses). In fact, in both
adiabatic compression and isobaric heat exchange the electric power required and the heat exchanged is
the enthalpy flow rate difference between inlet and outlet, as can be easily derived from the first law for
open system. In figure 5.16 is reported the steam generator temperature for the high pressure system
with no high temperature compression during the evaluation duty cycle.
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Figure 5.17: Steam generator temperature and pressure, turbine power generated.
Another possibility is to change cell electrolyte material using a lower temperature operating ionic
conductor such as LSGM, as proposed by Wendel.
To improve the vapor condensed configuration at ambient pressure, the exceeding thermal power
produced during SOFC mode can be used to eliminate the high temperature compressions and, if possible,
generate electrical power. A possible way to do it would be to expand in a turbine the excess water steam
produced during SOFC mode. In fact as seen before, in the single high temperature compression ambient
pressure system configuration (5.9), the steam generator final temperature is much higher than the initial
one. The simulation of this new system has been performed. The molar mass flow rate expanded in the
steam turbine is controlled by a simple proportional controller, that only works during SOFC mode and
when temperature is higher than a set point because the expanded flow rate cannot be negative. The
problem with this solution is that the steam generator pressure and temperature are related and vary with
time, and so the steam turbine that operates in a very dynamic mode has also a varying temperature and
pressure steam at inlet. For this reason a low isoentropic efficiency has been chosen (0.6). The system
roundtrip efficiency in these conditions is 0.72 for a 0.5 reactant utilization factor for both modes. This
is a big improvement in system performance achieved with no stack pressurized operation.
In figure 5.17 are reported the tank temperature and steam turbine power and inlet vapor pressure. Of
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course steam generator total volume in this new configuration is an important operative parameter that
influences also system performance. It should be dimensioned considering system dynamic, roundtrip
efficiency, structural stability and so on. In this work the volume chosen for the steam generator in every
vapor condensed configuration is 40m3.
A quick digression about vapor condensed system configuration operating outside the defined duty
cycle is worth. In fact when cell current density becomes lower than the nominal value or the mean
operation temperature higher 5.18, the stack roundtrip efficiency becomes higher, meaning that less
electrical energy is converted into thermal energy that can be used to evaporate water for SOEC mode
that has to be externally supplied. So in this plant configuration, roundtrip efficiency has a superior
limit caused by water evaporation. This theoretical limit is lower than 0.83. In fact assuming 100%
stack roundtrip efficiency (all the heat stored in SOFC mode is needed in SOEC mode, and so that
VSOEC = VSOFC), that current density is equal for both operation modes and neglecting compression
energy, from 2.6 follows that
etartmax,plant, =
VSOFC
VSOEC + ∆hev/(2F )
∼ 1
1 + 0.2
= 0.83
Assuming VSOFC = VSOEC = 1
The vapor stored system configuration plant on the other hand, has not such a limit, because no
evaporation is needed.
5.4 Alternative thermal storage strategy
From what seen in 4.3.1, the required ceramic material mass is 1.15kg/cell, that for the 5000 cells stack
means a total mass of 5750 kg. The ceramic material was chosen for thermal buffer because of PCM
poor heat conduction and . Interesting materials considered lately for high temperature thermal storage
are metals, that have high thermal conductivity in both solid and liquid phase to mitigate the issues
discussed before. A very interesting candidate can be aluminum, as proposed by Solomon [69]. Its
melting temperature is about 933 K, and the latent heat is 397.3 kJ/kg 5.1. Aluminum solid phase
thermal conductivity, that is generally the limiting parameter in PCM, is very 237W/(mK) and could
allow a very effective thermal storage.
To store the same amount of thermal energy considered before under latent heat, only 0.29kg/cell of
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Table 5.1: Thermodynamic properties of Aluminum
Solid heat capacity Liquid heat
capacity
[kJ/(kgK)]
Latent heat
[kJ/kg]
300 K 500 K 700 K 900 K 933 K 1.177 397.3
0.904 1.000 1.085 1.225 1.259
aluminum are required. This implies that a higher system flexibility can be achieved and stack thermal
stress can be significantly reduced operating at almost constant temperature.
The problem with aluminum is that at his melting temperature (933K) stack roundtrip efficiency
becomes lower because of the higher ohmic losses in the YSZ electrolyte. To achieve good performance
stack current has to be lowered, reducing stack power density, or the cell electrolyte has to be changed.
From Figure 5.18 it is evident that stack roudtrip efficiency at 900K (that can be a good approximation
for cell temperature considered that has to be lower than aluminum) is always lower than 80% for the
cell modeled (LSCF air electrode, YSZ electrolyte and YSZ-Ni fuel electrode).
The best solution could be a LSGM electrolyte ReSOC stack with aluminum as heat accumulator,
but was not simulated in dissertation.
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Figure 5.18: Stack roundtrip efficiency dependency on operation temperature and current density. The
current density value considered is the same for both SOFC and SOEC mode and the medium reac-
tant molar fractions have been calculated considering Uf,SOFC = Uf,SOEC = 0.6 and Yin,H2,SOFC =
Yin,H2O,SOEC = 0.8
.
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Chapter 6
Conclusions
The thermodynamics of a ReSOC system have been thoroughly analyzed and a methodology developed to
predict theoretical roundtrip performance in an evaluation duty cycle, to understand potential application
of this new technology in electric energy storage applications.
A state state of the art cell (LSCF air electrode, YSZ electrolyte and YSZ-Ni fuel electrode) cali-
brated model was used to characterize performance impact of various cell operating parameters on stack
efficiency. To use part of the thermal energy produced in SOFC mode and use it in SOEC mode, consid-
ered all the PCM critical aspect discussed, a sensible heat storage was modeled. The augmented thermal
inertia can stabilize stack operation during transient operation but can have some issues during operation
inversion (i.e. from SOFC to SOEC or form SOEC to SOFC).
The calibrated ReSOC model was also coupled with thermodynamic balance of plant component
models to simulate dynamic roundtrip operation of ReSOC energy storage systems in an evaluation duty
cycle. The system modeling capabilities were applied to two different plant configurations: a vapor stored
and a vapor condensed configuration. Both this conceptual plants have been tested for ambient pressure
and pressurized operating stack, to evaluate possible performance improvements,
The first concepts of the vapor stored and vapor condensed configurations at ambient pressure were
optimized, finding the working parameters which maximize roundtrip efficiency. The vapor condensed
plant showed almost a constant efficiency over a wide range of operating conditions.The optimized vapor
condensed plant has almost the same performances of the optimized vapor condensed plant, but it needs
high utilization factor. This could cause problems in cell operation such as temperature stress or loss of
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performances that have not been analyzed in this model.
The optimized model were also tested in stack pressurized conditions, to evaluate improvement of
the system performances due to the lower compression power needed. The stored vapor plant roundtrip
efficiency increased from 64% to 74%, while the condensed vapor plant showed problems due to the lower
thermal power available for water evaporation due to due to pressurized stack operation.
A further attempt to improve vapor condensed plant performances has been done for the ambient
pressure stack was carried on. The exceeding water steam produced for SOEC was expanded in a steam
turbine to recover some electrical power. The roundtrip efficiency calculated for this configuration is 72%.
At the end of the dissertation, the use of a metallic PCM has been proposed for high temperature
heat storage. Aluminum is the best candidate for its high solid phase thermal conductivity and relatively
high latent heat of fusion. The problem is that aluminum melting temperature is 933K, and is to low
to achieve a decent stack roundtrip efficiency and so a high system roundtrip efficiency. So this solution
could become interesting for lower temperature ion conducting materials, such as the LSGM.
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